ABBREVIATIONS 5-ALA = 5-aminolevulinic acid; BBB = blood-brain barrier; CE = contrast enhancing; CUMC = Columbia University Medical Center; EOR = extent of resection; GBM = glioblastoma; GTR = gross-total resection; HGG = high-grade glioma; n-ANOVA = multiway ANOVA; NCE = non-contrast enhancing; OS = overall survival; PFS = progression-free survival; PPV = positive predictive value; ROI = region of interest; STR = subtotal resection; UD = undetermined; WHO = World Health Organization; Y560 = YELLOW 560. OBJECTIVE Extent of resection is an important prognostic factor in patients undergoing surgery for glioblastoma (GBM). Recent evidence suggests that intravenously administered fluorescein sodium associates with tumor tissue, facilitating safe maximal resection of GBM. In this study, the authors evaluate the safety and utility of intraoperative fluorescein guidance for the prediction of histopathological alteration both in the contrast-enhancing (CE) regions, where this relationship has been established, and into the non-CE (NCE), diffusely infiltrated margins. METHODS Thirty-two patients received fluorescein sodium (3 mg/kg) intravenously prior to resection. Fluorescence was intraoperatively visualized using a Zeiss Pentero surgical microscope equipped with a YELLOW 560 filter. Stereotactically localized biopsy specimens were acquired from CE and NCE regions based on preoperative MRI in conjunction with neuronavigation. The fluorescence intensity of these specimens was subjectively classified in real time with subsequent quantitative image analysis, histopathological evaluation of localized biopsy specimens, and radiological volumetric assessment of the extent of resection. RESULTS Bright fluorescence was observed in all GBMs and localized to the CE regions and portions of the NCE margins of the tumors, thus serving as a visual guide during resection. Gross-total resection (GTR) was achieved in 84% of the patients with an average resected volume of 95%, and this rate was higher among patients for whom GTR was the surgical goal (GTR achieved in 93.1% of patients, average resected volume of 99.7%). Intraoperative fluorescein staining correlated with histopathological alteration in both CE and NCE regions, with positive predictive values by subjective fluorescence evaluation greater than 96% in NCE regions. CONCLUSIONS Intraoperative administration of fluorescein provides an easily visualized marker for glioma pathology in both CE and NCE regions of GBM. These findings support the use of fluorescein as a microsurgical adjunct for guiding GBM resection to facilitate safe maximal removal.
S
afe maximal resection is an independent predictor of glioblastoma (GBM) prognosis, 7, 14, 25 with a mean overall patient survival of 14.6 months even in the context of adjuvant radiotherapy and temozolomide. 35 In an effort to achieve safe gross-total resection (GTR), MRIbased neuronavigation-combining spatial precision, differential identification of tumor and nontumor tissues, and neuroanatomical reference-has become the standard of care in modern glioma surgery. Yet, persistent difficulties with intraoperative brain shift, reliance on accurate registration, and reliance on contrast enhancement to identify tumor can hinder real-time identification of resectable tumor, contributing to residual disease at the resection margins. 35 The infiltrative nature of GBM presents a particular challenge as traditional imaging modalities do not precisely delineate the tumor-brain interface or identify regions of nonenhancing tumor cells. 3, 6 The development of surgical adjuncts that allow for intraoperative identification of nonenhancing tumor may increase cytoreductive efforts with real benefits to prognosis.
The search for real-time intraoperative guidance during microsurgery has fostered the exploration of fluorescent dye labeling to facilitate discrimination of neoplastic tissue from healthy structures and increase safely resected volumes. Administration of 5-aminolevulinic acid (5-ALA), 32, 33 which is incorporated into the fluorescent protoporphyrin IX of tumor cells, facilitates compelling increases in short-term progression-free survival (PFS) and resection volumes, as well as decreases in the rate of subtotal tumor resection. 28 However, questions regarding the tumor specificity of 5-ALA metabolism 15 and the dye's phototoxicity risk, 12 high cost, and lack of Food and Drug Administration approval have limited its use in the United States. Fluorescein sodium, an easily administered, widely marketed, biosafe green-fluorescing dye, has been used as an adjunct for the resection of intracranial tumors since the 1940s, 20, 21 as well as in numerous other medical applications. 22 The extravasation of fluorescein 9 via disruptions in the blood-brain barrier (BBB) leads to accumulation in the extracellular space and high fluorescence. 9, 29 In comparison, dye leakage is minimal in tissue with an intact BBB and readily cleared from brain tissue. 23 With sufficiently high doses of dye, fluoresceinguided resection has been associated with increased rates of complete radiographic resection even without the use of a dedicated fluorescence microscope.
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The emergence of surgical microscopes outfitted with a fluorescein-specific filter has enabled broader application of fluorescein guidance to glioma microsurgery 2, 17, 26 with a statistically strong association between fluorescein staining and tumor tissue, as well as reports that fluorescein guidance safely facilitates complete resection of contrast-enhancing (CE) tumor. 1, 9 However, small study groups have offered limited evidence of the added utility of fluorescein guidance, and rigorous assessment of fluorescein as a marker for tumor pathology in regions beyond MRI contrast enhancement has not been performed. 2, 9 In the present study, we evaluate the utility of intraoperative fluorescein imaging for identification of neoplastic tissue, present analytical methods for robust quantification of fluorescein intensity, and assess the correlation of fluorescein staining with histopathological alteration in radiographically localized biopsies, especially as it pertains to regions of nonenhancing tumor. In addition, we corroborate earlier reports of high patient safety, ease of administration, and subjective utility. Our results show that fluorescein is a safe and reliable marker for intraoperative visualization of glioma pathology, both in CE and non-CE (NCE) regions of GBM.
Methods

Patient Selection and Operative Protocol
Thirty-two patients with cerebral lesions suspicious for malignant gliomas were prospectively enrolled to undergo fluorescein-guided resection between October 2013 and October 2014 at the Columbia University Medical Center (CUMC). Inclusion criteria were as follows: 1) age ≥ 18 years; 2) newly diagnosed, untreated, WHO Grade III or IV glioma suspected given brain MRI studies with and without gadolinium contrast; and 3) known, previously treated, recurrent high-grade glioma (HGG). Exclusion criteria included 1) age < 18 years, 2) histological diagnosis other than HGG, 3) brainstem tumor, 4) multicentric tumor, 5) medical reasons precluding MRI with contrast, 6) renal insufficiency, and 7) hepatic insufficiency. This study includes only patients with WHO Grade IV GBM. Written informed consent was obtained from all patients, and all aspects of this study were performed in accordance with the institutional review board guidelines at CUMC.
Fluorescein sodium 10% (Alcon Laboratories) was intravenously administered at a dose of 3 mg/kg following induction of anesthesia and prior to surgical incision. This dosage and timing protocol was selected based on a previous study. 24 A dedicated surgical microscope outfitted with both a fluorescence filter (excitation 460-500 nm, emission 540-690 nm) and unfiltered white-light illumination (OPMI Pentero 900 surgical microscope with YELLOW 560 [Y560] fluorescence visualization kit, Carl Zeiss) allowed switching of the illumination source between the fluorescence excitation source (2 × 300 W xenon) and white light (Superlux LED) throughout the surgery (Fig. 1A and B) . This configuration permitted significant portions of each surgery to be performed under the fluorescence filter while observing the fluorescein intensity in real time. Curve Cranial Navigation Software (BrainLab) was used for MRI-based neuronavigation and localization of biopsied tissue.
Patients were evaluated immediately after surgery and on the first postoperative day for adverse events related to fluorescein sodium. Adverse events were graded based on Common Terminology Criteria for Adverse Events version 4.0, and a plausible relationship to fluorescence administration was evaluated. Karnofsky Performance Status was evaluated as part of the routine preoperative examination; postoperative performance was evaluated by a board-certified neurosurgeon, neurologist, or neurooncologist, and the Karnofsky Performance Status score was recorded by a member of the research team on the postsurgery day noted in Table 1 . All patients received standardized postcraniotomy care. Magnetic resonance imaging was performed within 48 hours of surgery.
Radiographic Imaging and Assessment of Extent of Resection
All imaging was performed on a 1.5-or 3-T MRI system with an 8-channel head-array coil (Signa HDxt, GE Healthcare). Axial T1-weighted pre-and postcontrast images and axial FLAIR images were obtained. Volumetric acquisitions were also obtained for all postcontrast images by using a T1-weighted 3D inversion recovery fast spoiled gradient-recalled sequence. Postcontrast images were acquired with a weight-based dose of intravenous gadobenate dimeglumine at 0.2 ml/kg (MultiHance, Bracco Diagnostics Inc.). The time between intravenous injection and postcontrast imaging was 5 minutes. All postoperative imaging was performed within 48 hours of resection.
A radiologist blinded to case-control status evaluated extent of resection (EOR) by using computer-assisted volumetric measurements of all pre-and postoperative imaging. Briefly, this semi-automated algorithm combines the region-based active contours and a level set approach and has been shown to provide for reproductive assessment of enhancing tumor burden in postoperative GBM patients. 8 All measurements were performed with correlation to precontrast T1 images to avoid T1 shortening effects from postsurgical changes (for example, blood products).
Residual tumor was defined as a single area of enhancement measuring 0.175 cm 3 or more. Extent of resection was gross total (GTR) if < 0.175 cm 3 or subtotal (STR) if > 0.175 cm 3 of residual, singular finite volume of contrast enhancement was present postoperatively (Fig. 2) . 32 Prior to EOR analysis, patients were classified as "GTR amenable" based on the operative and preoperative notes, and all radiologists participating in the MRI-based EOR assessment were blinded to the surgical goal. It was therefore possible to achieve extensive resections even in cases in which functional eloquence, structural accessibility, or other factors led the neurosurgeon to refrain from stating GTR as an explicit surgical goal. Likewise, it was possible for a very high percentage of CE volume to be resected without the absolute residual volume falling below 0.175 cm 3 . A retrospective control cohort consisted of 32 (WHO Grade IV) GBM cases resected at CUMC under conditions equivalent to those of the fluorescein-guided cohort except for fluorescein use (facilities, staff, availability of radiographic neuronavigation). A member of the research team and a neuroradiologist blinded to the study selected the control cases to closely approximate the following fea- 
Biopsy, Subjective Fluorescence, and Histopathology of Stereotactically Localized Sites
Stereotactically localized biopsy specimens were obtained, and their fluorescence intensity was subjectively labeled as "none," "low," "medium," and "high" based on the surgical team's visual inspection of the real-time digital video from the intraoperative microscope ( Fig. 1A and B and Table 2 ). Tissue biopsies were obtained from both CE (33 cases) and NCE (39 cases) regions as indicated by neuronavigation, and this status or the fact that the biopsy was "undetermined" (UD) and/or necrotic (NEC; hypointense core circumscribed by CE) by MRI (UD/NEC, 18 cases) was recorded. "Undetermined" was used in cases in which radiographic localization was unavailable or the accuracy of registration was compromised. For downstream quantification of fluorescence, a time-stamped digital video still was captured using the Pentero internal camera, permitting clear visualization of biopsied tissue in 26 of the 32 enrolled cases.
Biopsy tissue was fixed in 10% formalin for histological and immunohistochemical analysis (Fig. 1C) . Two neuropathologists, each blinded to case and sample identity, analyzed H & E-stained, formalin-fixed paraffinembedded tissue. Tissue was classified as frank tumor, glioma-infiltrated brain, necrotic, or no diagnostic abnormality. In cases in which there was disagreement on initial assessment of the biopsy, the pathologists conferred and agreed on the histological category to be assigned. For statistical analysis of sensitivity, specificity, and positive predictive value (PPV), the 3 categories showing histopathological alterations (tumor, glioma infiltration, or necrosis) were compared with specimens showing no histological abnormalities. The H & E-stained slides were scanned to determine the area of highest cellular density. Representative photomicrographs were acquired using ImageJ 1.46r software at a magnification × 100 ( Fig. 1C ; Olympus BX-43 light microscope, Olympus DP-26 camera).
Quantification of Fluorescein Signal and Statistical
Relationships
Fluorescence intensity quantification was performed on digital still-frame images taken from the time of tissue biopsy (see above) and processed to isolate green fluorescent emission using Photoshop 2014 (Adobe). Briefly, a broad rectangular area encompassing the illuminated surgical field was selected (Fig. 3 ) and used to form a histogram of pixel intensities of the entire surgical field (range 0-255). Additionally, each individual biopsy specimen was delineated, and a circular region of interest (ROI; 0.5 times the diameter of the biopsy specimen) including the area of highest intensity was processed to yield a histogram of pixel intensities. Results were exported and analyzed (described below) using home-coded programs written in Python 2.7.5, whose source code and detailed description are available at https://github.com/JNBlab/FL_image_analy-sis. During the development of this analysis platform, circular ROIs 1 and 2 times the biopsy specimen diameter, as well as closely traced ROIs masking the shape of the biopsied specimen, were explored, and 0.5 times the diameter was found to produce robust values across images and test users and was therefore integrated into our workflow. Examples of these alternative ROI strategies are available in the same repository. Briefly, quantitation of the fluorescence intensity of each biopsy ROI by mean pixel intensity enabled its characterization by 2 types of metrics: an "objective intensity" bin analogous to the subjective bin and a "normalized intensity." For each microscopic field, a large rectangular ROI approximately comprising the entire illuminated sur-
FIG. 3.
Quantification of fluorescence intensity by postoperative image analysis and association of objective classification with histopathological diagnosis. A: RGB images captured with the Pentero microscope internal camera under illumination through the Y560 filter set (2 representative biopsies from a single patient are depicted). Regions of interest were specified to represent the entire illuminated field (whole rectangular panel), and the biopsy (circular ROI approximately half the diameter of the distance between the forceps [cyan]). B: The monochrome green channel (MONO) was extracted from these images, and the monochrome pixel intensities for each ROI were exported. C: Histograms for the ROIs in Biopsy 1 and Biopsy 2 (cyan) and their accompanying surgical fields (orange). D: The mean monochrome pixel intensity of the ROI for all histopathologically classified biopsies was normalized to their fields (see Methods). The relationship between the normalized fluorescence intensity of these biopsies and the subjective classification of its fluorescence made at the time of surgery is plotted for all biopsies (90 biopsies), CE (33 biopsies), and NE (39 biopsies). Significant differences were observed in the normalized intensity values of biopsies subjectively classified as FL-(none) and FL+ (low, med, high). E: Normalized intensity of biopsies was objectively binned, with categories analogous to those in the subjective bins, using thresholds for background, low, medium, and high fluorescence (see Methods) based on the pixel distribution of each field. The relationship between normalized fluorescence intensity and the objective classification is plotted for all samples (90 biopsies), for those radiographically localized to CE regions (33 biopsies), and for those from NCE regions (39 biopsies).
gical field was selected. The median pixel intensity (up to 10% of the total range of pixel intensities) was considered background. The mean intensity of pixels in the highest 5% of intensities was considered the maximum ("max") intensity to allow for variation in overall illumination. The raw intensity of each biopsy was normalized to the range between the background threshold and the max intensity for the field in which it was imaged, with raw intensities below this range set equal to 0 and those above this range set equal to 1. The objective fluorescence intensity bins (none, low, medium, and high-analogous to those used for the subjective classification) were determined using the median pixel intensity (background) as the lower bound for the "low" range, the mean intensity of pixels above background as the lower bound for the "mid" range, and the midpoint between background and max intensity ([i 1 + i 2 ]/2) as the lower bound for the "high" range ( Table 2 ). The median, mean, and midpoint fluorescence intensities of the illuminated fields were not correlated with the time elapsed following fluorescein administration (Spearman correlation between time elapsed and median pixel intensity over all biopsies with time stamps 73 cases, rho = 0.03, p = 0.78). Additional correlations, Wilcoxon rank-sum, and multivariate ANOVA ("anovan," using fluorescence intensity and time as continuous variables and CE vs NCE and pathological diagnosis as classifications) tests were calculated using MATLAB 2014b (MathWorks).
To show that stratification of biopsy samples according to normalized fluorescence intensity reflected the same groupings as the none, low, medium, and high classifications, especially those observed subjectively at the time of acquisition and which best reflect how fluorescence intensity has been assessed in prior studies, we treated normalized fluorescence intensity as a continuous variable and calculated the significance of the difference in the distributions of these values among biopsies classified as having none, low, medium, or high fluorescence, either subjectively or objectively. Analysis was performed in MATLAB 2014b ("ttest2," unpaired), and similar results were obtained using the Wilcoxon rank-sum function ("ranksum"). Tabulated data for each biopsy, including its subjective, objective, and normalized fluorescence intensity, pathology classification, and radiographic localization, along with our analysis programs, are available at https:// github.com/JNBlab/FL_image_analysis.
Results
Study Enrollment and Safety
The 32 patients prospectively enrolled with histologically confirmed GBM (20 primary, 12 recurrent) ranged in age from 39-90 years (mean 63.9 years) and included 16 females and 16 males (Table 1) . Preoperatively, all subjects were deemed stable and suitable for intravenous administration of fluorescein according to clinical laboratory criteria, and all tumor sites were deemed potentially amenable to safe tumor resection (GTR or STR). A single dose of fluorescein sodium (3 mg/kg) delivered intravenously after the induction of anesthesia was found to be safe in GBM patients undergoing tumor resection. No allergic reactions and/or adverse events associated with the use of fluorescein sodium were observed, while pre-and postoperative neurological performance was consistent with that exhibited following GTR of malignant glioma.
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Impact of Differential Fluorescein Intensity on Aggressive Resection and Operative Experience
Intraoperative detection of a fluorescein signal was achieved using the Zeiss Pentero system in combination with BrainLab neuronavigation: application of the Y560 long pass filter set revealed characteristic yellow-green fluorescence (subjective assessment) of the dura mater in all cases, whereas white light illumination of these tissues did not (Fig. 1A) . High intensity fluorescence coincided well with areas of CE tumor as depicted by neuronavigation (Fig. 1B upper) . Notably, fluorescence was also observed outside the CE regions in many tumors (Fig. 1B lower) . Necrotic tissue exhibited variable levels of fluorescence, from bright to little or no fluorescence. In all cases, illumination of the operative field via the Y560 filter allowed simultaneous differential visualization and awareness of microsurgical anatomy and tissue fluorescence, permitting anatomically guided precision and clear identification of fluorescent tissue (Fig. 1B upper left) .
Given the potential for fluorescein guidance to facilitate safe, aggressive resection of GBM, we evaluated its impact on EOR. Subtractive volumetry of pre-and postoperative MRI for the 32 fluorescein-guided cases was compared with that for retrospective case-matched controls (32 cases). Two end points were evaluated: the percentage of patients in whom GTR was achieved and the mean percentage of CE tumor volume resected. Grosstotal resection was defined as the presence of < 0.175 cm 3 of residual, singular, finite CE volume. 32 For cases that the surgeon had deemed GTR amenable, GTR was achieved in 93.1% (27 of 29; Fig. 2 left) of the fluorescein-guided cases compared with 77.3% (17 of 22; Fig. 2 right) of the control cases. Among these GTR-amenable patients, the mean percent of resected CE tumor volume was 99.7% ± 1.5% in fluorescein-guided cases versus 96.8% ± 8.6% in control cases. This trend, which approaches significance (p = 0.098, Wilcoxon rank-sum test), suggests that fluorescein facilitates more complete tumor resection. Accordingly, all 4 lead surgeons found fluorescein to be useful as an intraoperative tool for assisting resection in all cases.
Correlation of Subjective Fluorescence Intensity With Histopathology in CE and NCE Regions of GBM
From 26 of the 32 independent surgeries, 90 stereotactic biopsies at the time of resection were subjectively binned by the surgical team into 4 categories of fluorescein intensity (none 20 cases, low 6 cases, medium 17 cases, or high 47 cases; Table 1 ), and categories were confirmed by postoperative review of the video images (Fig. 1B) . Any discernable subjective fluorescence (low/med/high) assessed subjectively by visual inspection was considered "positive" (FL+), and "none" was considered "negative" (FL-). Formalin-fixed paraffin-embedded sections of these biopsy specimens were stained with H & E, and 2 neuropathologists, each blinded to both fluorescence and radiographic correlates, reviewed and assigned the specimens into 1 of 4 histopathological categories: frank tumor, glioma-infiltrated brain, necrotic, or no diagnostic abnormality (normal tissue; Fig. 1C ). Tumor-containing biopsies included frank tumor, glioma infiltration, and necrosis, as determined histopathologically. With these parameters, subjective fluorescence intensity provided a sensitivity of 0.756 and a specificity of 0.750 for tumor features across all analyzed biopsy samples regardless of radiographic localization (Fig. 1D ) and a PPV for tumor pathology of 98.6%.
Just as the utility of intraoperative fluorescein guidance must be considered in the context of neuroanatomical awareness, we evaluated its synergy with radiographic localization. Among biopsies from radiographic locations that were definitively CE (33 cases), sensitivity of fluorescence for tumor pathology was 0.879. Specificity could not be calculated given the lack of true-negative or false-positive samples; as expected, no CE biopsies were classified as normal by histopathology (Fig. 1D) . Among samples from NCE regions (39 cases), subjectively classified positive fluorescein intensity provided a sensitivity of 0.694, specificity of 0.667, and a PPV of 96.2% for biopsies showing histopathological alterations.
Quantitative Analysis of Fluorescein Intensity
To establish an objective measure of fluorescein levels, we calculated the mean monochrome intensity of each biopsy specimen using an image captured with the Pentero internal video camera upon the specimen's resection (Fig.  3A and B) and compared it to the distribution of pixel intensities in the surgical field (Fig. 3C) . Objective intensity was classified as none, low, medium, and high, which corresponded well with assignments made subjectively during surgery (Tables 2-4) .
Although fluorescein intensity at any detectable level subjectively or objectively was strongly predictive of tumor infiltration, we sought to refine our measurement of the biopsy fluorescence intensities beyond the high, medium, and low bins and identify a quantitative correlate with strong specificity that could be applied to guidance in nonenhancing regions. We normalized the mean pixel intensity of each biopsy to the range of its surgical field-from the background threshold to the maximum intensity-thus correcting for any systemic confounders to the fluorescent illumination of the field. These normalized continuous values stratified according to their subjective (Fig. 3D) and objective (Fig. 3E) classifications. The normalized fluorescence intensity of the biopsies classified as FL-and FL+, either subjectively or objectively, was significantly different between those groups (Table 5) ) and stratified with tumor pathology (Fig. 4B) . Among stereotactically localized biopsies, we observed that a threshold of 0.1 normalized fluorescence intensity provided full specificity for glioma-associated pathology in both CE and NCE regions (Fig. 4C) . Although sensitivity was not independently strong (0.593 overall, 0.528 for NCE, 0.727 for CE), the high specificity (0.750 overall, 1.0 for NCE, not calculated for CE, no normal samples) and high PPV (0.982 overall, 1.0 for CE and NE) of the normalized fluorescence intensity threshold (0.1) support its use as a quantitative correlate of FL+ staining, which predicts the presence of tumor.
The fluorescein emission intensity of each biopsy is influenced by a number of physiological and operative factors, several of which are time dependent or potentially differential based on tissue pathology. To evaluate the impact of such variables on our normalized fluorescence intensity measurement, we performed a multiway ANOVA (n-ANOVA) for time post-fluorescein administration, MRI localization, and pathological diagnosis on the full set of biopsies for which an accurate time stamp was available (73 cases; Table 1 ). No significant independent relationship was demonstrated between fluorescence and time, MRI lo- calization, or tissue pathology (p = 0.611, 0.357, and 0.305, respectively). However, an n-ANOVA interaction model of the same sample set revealed that the time between fluorescein administration and biopsy significantly influenced fluorescence intensity, but only in association with pathological diagnosis (p = 0.029; Table 6 ). Indeed, while fluorescence and time post-fluorescein administration were not correlated overall (Spearman rho = -0.07, p = 0.57, 73 cases), they were anti-correlated among biopsies diagnosed as frank tumor (Spearman rho = -0.40, p = 0.009, 41 cases), and a positive but not significant correlation was seen in glioma-infiltrated tissue (Spearman rho = 0.36, p = 0.094, 23 cases). While a distinction in the time dependence of fluorescein signals for frank tumor and glioma-infiltrated biopsies may exist, for reasons operational (for example, highly fluorescent regions containing largely frank tumor may be the most readily targeted and thus the earliest resected), physiological (for example, pharmacokinetic distribution given different vascularization or inflammation), or biochemical (for example, oxidation, metabolic conjugation, or photobleaching in differing interstitial environments), both are considered tumor positive and are targeted for The distribution of histopathological classification (NORM, INFILT, TUMOR, or NEC) between fluorescence intensity ≤ 0.1 and > 0.1 was graphed for all biopsies (90 cases), CE biopsies (33 cases), and NCE biopsies (39 cases). D: Sensitivity, specificity, and PPV of normalized fluorescence intensity > 0.1 for tumor infiltration by pathology were calculated for each time of biopsy based on all biopsies taken at and prior to that time, for the overall time-stamped sample set (73 cases) and NCE biopsies only (29 cases). Time was binned into 10-minute intervals post-fluorescein administration (x-axes), and the sensitivity, specificity, and PPV were averaged for all biopsies occurring up to each interval (inclusive). Gray lines indicate the time by which 50% of biopsies in each set were taken. E: The distribution times at which biopsies were acquired (minutes post-fluorescein administration) is displayed for each pathology classification: NORM 3 cases, INFILT 23 cases, TUMOR 41 cases, NEC 6 cases. resection when safe and possible. Thus, with a focus on surgical utility, we studied how the predictive utility of fluorescence intensity performed over the duration of surgery, inclusive of these variations between tumor-positive types. To determine how the time of procurement affected the clinical utility of fluorescence intensity as an indicator, for each time point at which a biopsy was procured, we calculated the sensitivity, specificity, and PPV of the 0.1 normalized fluorescence intensity threshold among samples up to and including that time point. Among the sets of both all time-stamped biopsies (73 cases; Fig. 4D upper) and NCE biopsies (29 cases; Fig. 4D lower) , PPV was > 0.9 at all time points. Most variance in these values occurred as a function of the number of samples included in the analysis; they were unstable earlier than the median time of acquisition, that is, before half of the biopsies were included, when the composition of the sample set poorly represented each pathological classification (Fig. 4E) . Sensitivity of the normalized intensity threshold of 0.1 for tumor remained stable at approximately 0.7, with a slight drop (< 10%) occurring after 170-180 minutes among all samples (Fig. 4D upper) , and biopsies only in the NCE region presented a similar pattern. The robustness of the normalized fluorescence intensity threshold to time and its strong indication of tumor tissue pathology, especially in the NCE region, supports the utility of intraoperative fluorescein for guiding resection beyond the resolution of contrast enhancement and corroborates the favorable experience of surgeons in navigating the tumor margins.
Discussion
Given the prognostic importance of EOR in GBM, 7 optimizing precision neuronavigational adjuncts to guide resection has become a key challenge in ensuring safe maximal reduction of the tumor burden while preserving neurological function. 13 We combined intraoperative fluorescein staining with radiographically localized tissue and found the fluorescein to be a reliable marker for histopathologically abnormal tissue in both CE and NCE regions of GBM. Although adverse reactions have been reported 4, 5, 10 and must be considered, our streamlined, relatively lowdose fluorescein protocol led to no fluorescein-associated adverse events or allergic reactions among our cohort of 32 patients. Importantly, implementation of fluorescein staining enhances and informs surgical judgment with the potential to facilitate safe but aggressive tumor resection that extends into the NCE tumor margin.
Gadolinium-enhanced MRI, which identifies areas of BBB disruption due to tumor pathology, is fundamental to current intraoperative stereotactic guidance in GBM. Although parenchymal fluorescein staining via intravenous administration indicates BBB disruption, 9 the fluorescein intensity provides information additional to and distinct from gadolinium enhancement-in the present study, intense fluorescein staining was seen in both CE and NCE tissue, as localized by preoperative MRI. The differential permeability profiles of fluorescein and gadolinium, because of both molecular size and tumor-related pathophysiology, 9 have been studied in humans and animal models but have not been quantitatively assessed beyond the CE boundary. Furthermore, previous comparisons of such fluorescein signal and glioma pathology 1,2,9 have classified "gliosis or tumor cell infiltration" as "negative" and only "frank tumor"
1 as "positive." To study fluorescein signal orthogonally to radiological information, we used image analysis to quantify the fluorescein intensity of biopsy specimens and their surgical fields under Y560 illumination. Our quantitative image analysis enabled us to calculate normalized fluorescence intensity, a continuous variable, with a threshold (0.1), which showed high specificity and PPV for tumor pathology in NCE tissue (1.0). We also used this value to assess the impact of elapsed time post-fluorescein administration, presumed to be a confounder of the fluorescent signal, 30, 31 and observed a significant influence of time on the normalized fluorescence of only those biopsy specimens classified as frank tumor and strikingly little time dependence of the sensitivity, specificity, and PPV of the normalized fluorescence intensity threshold for tumor positivity (Fig.  4) . Given the limitations of our cohort, we observed striking robustness to myriad potential time-dependent operative and biological variables-including pharmacokinetics, photobleaching, and tissue heterogeneity-particularly in nonenhancing tumor-infiltrated tissue, suggesting that the surgical utility of intraoperative fluorescein guidance extends beyond that previously documented.
It is important to note that the sensitivity and specificity measures of this study, and other studies like it, are unavoidably biased by the conditionality of surgical sampling-healthy brain tissue is not routinely resected or biopsied. Thus, fluorescein-negative, histopathologically normal tissue samples were included in this study only as a result of cases in which extensive resection, such as nondominant frontal or temporal lobectomy, was the surgical goal-and even then, it was constrained by radiological findings and other clinical and anatomical considerations. However, our results demonstrate that when combined with neuronavigation and standard neurosurgical procedures, fluorescein is a safe and reliable marker of glioma pathology. Furthermore, our observation of a fluorescence intensity threshold with strong specificity (0.1)-above which all biopsies from both CE and NCE regions showed histopathological alterations-suggests that further development of quantitative classification and its integration into real-time surgical imaging systems may facilitate resolution of both operative and biological influences on the fluorescent signal while bolstering clinical judgment beyond the boundaries of radiographic guidance.
The fluorescein signal must be interpreted in the full context of anatomical and radiological features for each patient. The additional risk of incurring neurological deficits when extending tumor resection beyond the gadolinium-defined margins requires expert surgical consideration of eloquent anatomical boundaries to achieve a safe maximal resection. The dual illumination and filter toggle of the Pentero 900/Y560 (Zeiss) instrumentation provided continuous fluorescein excitation simultaneously with a sufficiently illuminated background surgical field, allowing identification of important vascular structures and neuroanatomical landmarks, facilitating safe fluoresceinguided microsurgery based on subjective primary surgeon assessment. All 4 neurosurgeons found fluorescein sodium useful in the resection of all 32 GBM resections in this cohort, citing its utility as an adjunct to neuronavigational guidance. Specifically, when normal operative events would diminish the reliability of intraoperative neuronavigation (for example, brain shift, loss of registration accuracy), fluorescein was especially beneficial in facilitating microsurgical resection of glioma tissue. In such cases, fluorescence was an additional confirmatory tool used in the decision-making process when consistent with the surgeon's clinical judgment.
The importance of safe but aggressive resection beyond the CE region is evidenced by both the independent predictive power of EOR on survival in GBM 32, 33 and the incremental improvement of overall survival (OS) with the percent of tumor volume resected, as demonstrated by Sanai et al. 25 Residual tumor infiltration within 2 cm of the CE margin is considered the major contributor to GBM recurrence, bringing renewed attention to the potential to improve PFS and OS by extending surgical goals to address this additional tumor burden with aggressive "supratotal" resection 11 beyond contrast enhancement. The demonstrated utility of fluorescein guidance in NCE regions suggests its contribution to safe microsurgical resection beyond the gadolinium-defined border. However, standard volumetric comparison solely with contrast enhancement limits true quantification of this contribution. For example, a difference in volumetric EOR (Fig. 2) was not statistically resolvable between GBM resections performed with and without fluorescein guidance in our cohort, but the removal of additional nonenhancing tumor tissue facilitated by fluorescein staining was simply not included in this traditional metric. Full evaluation of the impact of fluorescein on the EOR into the NCE regions will require both progressive, prospective radiological approaches to quantifying tumor volume and longitudinal assessment of its association with clinical outcome, which is beyond the scope of this study. Our results provide strong evidence that intraoperative fluorescein, when used judiciously in combination with surgical and neuroanatomical expertise, is a safe and reliable indicator of glioma-associated pathology, useful for guiding safe but aggressive resection in noneloquent regions, and thus may facilitate improvements in OS and PFS.
Conclusions
Glioblastoma carries a dismal prognosis despite advances in therapeutics, and safe maximal resection continues to be a mainstay of treatment and determinant of prognosis. Fluorescein sodium administration in conjunction with a dual-illumination fluorescence-filtered microscope, MRI-based neuronavigation, and traditional neurosurgical expertise enabled identification of the glioma tissue burden beyond the CE borders and facilitated safe microsurgical fluorescein-guided tumor resection. Overall, the intraoperative use of fluorescein is safe and beneficial in the resection of GBM. However, additional studies are required to elucidate the full utility of fluorescein sodium in GBM surgery. Specifically, the impact of fluorescein sodium on the extent of tumor resection is best pursued using metrics that reflect on nonenhancing tumor infiltration, and its impact on patient survival must be evaluated further in longitudinal cohorts. The application of fluorescein sodium to glioma resection is inexpensive and safe and may help surgeons achieve increased maximal safe resection in patients.
